Abstract Climate change is a likely addition to the unpredictable challenges urban communities will face. Enhancing urban forests has gained prominence as a climate adaptation tool in cities. The fact that urban forests are also vulnerable is now starting to emerge. Many urban forest management professionals do not know how to take climate change into account and what aspects of urban forest vulnerability to climate change to prioritize. Bringing climate change to the forefront of the decision-making process in urban forest management, and urban forests to the forefront of urban climate issues, is important to urban forest success. This paper presents an exploratory assessment of vulnerability to climate change in the Canadian urban forests of Halifax, London, and Saskatoon. The objectives of the assessment were to: 1) identify the elements of urban forest exposure and sensitivity to climate change, the nature of the expected impact, and the adaptive capacities that exist in these three urban forests; 2) assess which of these elements contributes more to urban forest vulnerability to climate change; and, 3) elicit adaptive strategies based on this information. The method used was participatory and expert-based and allowed for a systematic evaluation of vulnerability. Exposures related to drought, heat stress, and wind, susceptibility of urban trees to insects and diseases, and the sensitivity of young trees and tree species with specific temperature and moisture requirements, are the main concerns regarding the vulnerability of urban forests to climate change in these three cities.
Morlot 2011). Although much has been said about the vulnerability of urban water resources and built infrastructure (Hunt and Watkiss 2011) , the vulnerability of urban green infrastructure, especially urban trees, remains relatively unexplored. With many North-American cities planting more urban trees as a way to ameliorate urban climate (e.g., doubling tree canopy, City of Toronto 2008), the impacts climate change could have on urban forests, defined here as all the trees in a city, could hinder these efforts.
Research on characterizing climate change impacts in urban forests has been informed by approximations of future urban microclimate and estimated impacts of climate change on forests. In regard to the former, such approximations are hard to obtain because of the high resolution of the urban microclimate and the changing nature of local weather. The best informed guess about future urban climate involves combining the known effect of urban heat islands with the downscaling of regional projections (e.g., Wilby 2008) . With this in mind, there is a general understanding that cities may display a significant increase in temperature, air pollution (Hallegatte and Corfee-Morlot 2011) , and heat stress (Gaffen and Ross 1998) , among other changes, even with moderate regional climate change scenarios. In regard to the latter, there is a general understanding that forests will be affected by climate change stress related to a global warming trend and seasonal climate variability, which will decrease growth (Bugmann and Pfister 2000) , expand or contract natural habitats (McKenney et al. 2007) , and change disturbance regimes, including storms, insect outbreaks, fires, and droughts (Dale et al. 2001) .
By combining these insights, some authors have estimated that climate change may affect urban tree species suitability and urban habitat dynamics (Sukopp and Wurzel 2003) . Mitigative responses to these impacts have been suggested, including planting more trees and optimizing urban tree species selection. These measures receive the most attention since more urban trees could help regulate urban microclimate (Brown 2011; Gill et al. 2007 ) and some urban forests display low tree-species diversity (Nowak et al. 2001) . Some suggested criteria for species selection include resilience to drought, frost (Roloff et al. 2009 ), higher temperatures (Yang 2009) , and insects and diseases (Poland and McCullough 2006) . Although both these strategies are important features of a climate adaptation agenda in urban forests, other aspects of urban forest vulnerability to climate change may come into play. These may include, at least at an ecological level, age structure and habitat-level dynamics, such as degree of naturalization and connectivity, among others (Ordóñez and Duinker 2014) . Nevertheless, there are no empirical studies that show how urban forest management actors assess urban forest vulnerability to climate change in a systematic manner. Indeed, although assessing impacts establishes the ground work for discussing climate change in natural or human systems, eliciting climate adaptation measures based on impact assessment may not result in genuine adaptation (Burton et al. 2002) . Climate adaptation, that is, the adjustment of natural or human systems to cope with the consequences of climate change (Smit and Wandel 2006) , can only be understood by assessing the vulnerability of a system.
The climate change vulnerability literature informs how we may go about assessing the vulnerability of urban forests to climate change. Vulnerability broadly refers to the characteristics of a system that make it prone or unresilient to change (Adger 2006) . Climate change vulnerability can be understood through three main concepts: 1) exposure, or the nature and extent to which the system is exposed to climate variation; 2) sensitivity, or the characteristics of the system that determine how it may react to this change; and, 3) adaptive capacity, or the ability or potential of a system to respond successfully to climate change (Füssel and Klein 2006) . Moreover, since vulnerability can only have meaning in a social context with an understanding of the values placed on a system by social actors (Kelly and Adger 2000) , vulnerability is best assessed at the local level ). This may involve the assessment of ecosystem responses, management institutions, governance, budget, and social awareness and engagement, among other considerations (Eakin and Luers 2006) . A climate change vulnerability assessment (CCVA) can help us identify the most vulnerable elements of a system; identify why these elements are vulnerable; identify areas of future research; and provide information on where to put adaptive efforts (Glick et al. 2011 ).
This study is a first attempt to systematically assess urban forest vulnerability to climate change and presents CCVA results for three Canadian urban forests. Its primary goal is to provide an empirical basis for assessing urban forest vulnerability based on the opinion of local experts. The study also helps elicit adaptation measures for urban forest management from a variety of local Canadian perspectives. These measures build on other local efforts that have tried to respond to climate change impacts in Canadian urban forests (e.g., BC-MCSCD 2010) .
In this work we define an urban forest as all the trees in a city, a common definition used in North America (Konijnendijk et al. 2006) . Although the definition is simple, we recognize that it must be interpreted ecologically and socially. First, the definition of an urban forest is intimately associated with the definition of an urban area, and as such, with the boundaries of a municipality. Second, urban trees can be found in a continuum between natural forests and single, isolated trees in an urban space. Trees in natural forests are associated with other vegetation, wildlife, and other physical entities. Single urban trees are associated with the built infrastructure and people around them. These ecological and social considerations mirror the complex interaction of natural and cultural issues in urban areas. Through a socio-ecological systems perspective (see Liu et al. 2007) , the urban forest can be seen as a connected biophysical community with social actors. Thus, this broad definition helps us see all the trees within the municipal boundaries as the focus of concern for management actors.
Methods
In choosing a CCVA method, we considered both quantitative and qualitative approaches. On the one hand, quantitative assessments (e.g., Metzger et al. 2005) are useful when reliable numerical indicators exist, such as data on habitat distribution and vegetation-habitat response, among other data. To our knowledge, there are no such models for urban forests. Some difficulties for developing these include inadequate urban climate projections and inadequate data on many urban forest structure parameters. On the other hand, qualitative methods are useful for capturing information that cannot be quantified, integrating social and ecological themes, and thinking about the future collaboratively based on reasoned argumentation and not just on numbers (Berkhout et al. 2002) .
A useful tool is participatory vulnerability assessment (PVA), an expert-based, exploratory, futuring method that helps explore climate change vulnerability collaboratively in a community with a scenario in mind (Smit and Wandel 2006) . Despite its lack of sophistication, PVA is grounded in the long history of community risk assessment (CRA) (see van Aalst et al. 2008) . It allows local actors to assess vulnerability with the researchers providing the assessment framework and facilitating the process. As a CCVA method, PVA allows us to determine the interactions between and discern a level of importance for exposure, sensitivities, impacts, and adaptive capacities, as well as to elicit adaptive strategies.
We used a PVA-based approach to assess urban forest vulnerability to climate change in the Canadian cities of Halifax (Nova Scotia), London (Ontario), and Saskatoon (Saskatchewan), with different urban forest characteristics and climatic projections (Fig. 1) . The objectives of the assessment were to: 1) identify the elements of urban forest exposure and sensitivity to climate change, the nature of the expected impact, and the adaptive capacities that exist in these three urban forests; 2) assess which of these elements contributes more to urban forest vulnerability to climate change; and, 3) elicit adaptive strategies based on this information.
The PVA was delivered as a one-day workshop in each city with 10-16 expert participants each (total=37). Participants included municipal urban foresters, arborists, city planners, landscape architects, staff from environmental, health, and education departments, academics Sauchyn and Kulshreshtha 2008; Vasseur and Catto 2008) with expertise in forest ecology and climate change, and members of environmental nongovernmental organizations specialized in parks and waterways. Participants were selected via consultation with local municipal authorities and contacted via email or phone. The workshop agenda included an introduction to the activity, two short presentations on urban forest characteristics and climate change projections (Fig. 1) , and three discussion sessions. Two sessions were guided by two sets of questions, one to elicit exposure, sensitivities, and adaptive strategies, and the other one for adaptive strategies (see Results). The last session was a wrap-up to close the workshop. The discussion was facilitated by the researchers and flexibility was given to its direction. Answers in each of the sessions were recorded textually and with the use of flipcharts, which were later translated into notes.
The textual data were analyzed in order to integrate the information, discern a level of importance for vulnerability elements, and compare results across cities. The analysis was grounded in content analysis (see Krippendorff 2004) with the goal of condensing the textual data into fewer categories. The textual data from the first session were fitted into a CCVA model grounded in our literature review. The model helped us translate and structure the data in terms of exposure, sensitivities, impacts, and adaptive capacities, all the while keeping track of the city from which the information came. Impacts were characterized as direct or associated. Direct impacts refer to the direct effects of climate exposure on sensitivities. Associated impacts refer to the indirect effects to which sensitivities may be exposed due to other climate-driven stimuli as an indication that further health, damage, and mortality concerns would be expected. We created rudimentary figures for the results of each city based on this structuring mechanism. The information in these figures were later amalgamated into one figure to facilitate analysis of the information across cities.
A simple interpretation mechanism was deployed on this final figure to assign a level of importance to each of the vulnerability elements. This was based on the number of associations between exposure, sensitivities, and adaptive capacities. This meant that the more associated an element of exposure, sensitivity, or adaptive capacity was, the more important it became in the assessment. We developed simple colour-coded categories to display these differences (see Fig. 3 ).
No predetermined model was used to organize the information on adaptive strategies. Rather, these data was organized into a structure emerging from the data themselves, in terms of themes and more specific elements, all the while keeping track of the city from which the information came. We did not assign any levels of importance to the adaptive strategies as this was not one of our objectives.
Results
The CCVA model proved useful for integrating and structuring the information captured in all three workshops in terms of exposure, sensitivities, adaptive capacities, and nature of impact, without losing individual issues of concern in each city (Fig. 2) . For instance, abundant snow in shoulder seasons was only discussed in Saskatoon and London, but was not a concern in Halifax (Fig. 2) . Other examples include trees in peri-urban areas and street trees, which were identified as sensitivity elements only in Halifax and London, respectively. These sensitivities reflect the concerns of increased fire susceptibility in Halifax and damage due to snow events in London (Fig. 2) .
Despite the fact that the model denotes a linear relationship between exposure, sensitivities, impacts, and adaptive capacities, it still shows how the interaction between these elements results in cumulative effects. This is the case for all associated impacts, such as increased susceptibility to insects and diseases. These elements act as additional drivers of change that Fig. 2 Exposure, sensitivity, nature of impacts, and adaptive capacity results for all three cities, indicating how the CCVA model was used for structuring the answers to the questions and the colour-coded categories assigned to each element based on the number of associations may further increase the mortality or decrease the health of urban trees in these cities. It is important to note that increased susceptibility to insects and diseases is tree-species specific and that the insect or disease of concern was particular for each city, such as Emerald Ash Borer in London and Dutch Elm Disease in Saskatoon ( Fig. 2 ; see also Fig. 1 ). Another example of such an element is increased fire susceptibility, although this element was only recognized in Halifax (Fig. 2) .
The interpretation mechanism used to assign a level importance to vulnerability elements, which was based on the number of associations, proved useful for identifying the most significant themes of vulnerability. The exposure elements that received the most attention in all three cities were higher winds, drought, variable temperature and humidity in shoulder seasons, and abundant snow, although this last one was only identified in Saskatoon and London. Moreover, the sensitivity elements with most associations were young trees, followed by wet/dry-adapted and cold-adapted or heat-intolerant species.
Two important observations of the results are that the assessment only elicited biophysical sensitivities and that few adaptive capacities were recognized. In regard to the former, we discuss some possible reasons for this bias in the next section. As for the latter, most of the adaptive capacities of urban forests in these three cities refer to existing pest management plans and species selection and diversification plans (Fig. 2) .
In contrast, the adaptive strategies elicited during the assessment were rich in detail (Fig. 3) . A crucial observation here is that although institutional, political, community, economic, and knowledge and research adaptive strategies were recognized during the workshops, sensitivities in these areas were not identified. The choice of exposure elements in this assessment (Fig. 2) , including higher winds, more drought, abundant snow, and enhanced seasonal temperature variability, reflects a key point regarding the way climate projections are interpreted. As with most climate scenarios, the scenario used in this assessment (Fig. 1) contains relatively confident temperature projections but uncertain precipitation ones given that these vary depending on the emission scenario, the spatial scale, and the model used (Meehl et al. 2007 ). Some climate experts have noted that the key to understanding climate scenarios is to assume changes in precipitation quality and manifestations along the extreme values of temperature and precipitation ranges (Meehl et al. 2007 ). The exposure elements identified in this assessment respond to this key idea. For example: the element of Bdays over 35°C^refers to an extreme value of temperature rather than a generic increase; Bfreezing rain^refers to an uncommon but probable extreme weather event that can cause a lot of urban forest damage; and Bvariable temperature and humidity in shoulder season^captures the idea that significant and sudden variability can cause more damage during a period of time than a steady increase in temperature and precipitation (Fig. 2) .
Furthermore, these three exposure elements reflect current urban forest loss and damage concerns in the three cities. For instance, extreme wind events are rare in Canadian urban environments, but when they occur they cause considerable urban forest loss (e.g., Halifax, Burley et al. 2008 ). This may be enhanced with climate change and the probable increase in frequency and intensity of storms in all three cities (Chiotti and Lavende 2008; Sauchyn and Kulshreshtha 2008; Vasseur and Catto 2008) . Moreover, the importance of drought in this assessment reflects a common concern regarding the stress drought causes on forests (e.g. Hogg et al. 2008) , in general, and urban trees (e.g., Roloff et al. 2009 ), in particular. However, it is important to remember that it is difficult to give meaning to urban-tree water deficit given the complexity and variability of landscape patterns and hydrological regimes (Fahey et al. 2013 ). More research is needed to understand how climate change influences water availability and how this affects trees in different urban environments.
An important item worth discussing is the observation of cumulative effects, or how the consequences of exposure-sensitivity interactions result in associated impacts that could in turn become drivers of further change in these urban forests. This was the case for increased insects and diseases, reflecting concerns about current urban forest loss (e.g., Poland and McCullough 2006) , and invasiveness of alien species, which has the potential to reduce of ecosystem function in urban areas (e.g., Niinemets and Peñuelas 2008; Dukes et al. 2009 ). Nevertheless, research is needed to understand the complex process by which these factors are influenced directly by climate change and how they become drivers of urban forest change given climate change.
Sensitivities, adaptive capacities, & adaptive strategies
Almost every exposure element identified in this assessment increases young tree mortality. This reflects a common assumption that young-tree mortality rates are high in urban areas (Richards 1983) . However, recent research shows that these rates may not be as high as previously thought (Roman and Scatena 2011) and are ultimately variable due to urban habitat heterogeneity (Lawrence et al. 2012) . Although numerical tree mortality data were not used directly in these CCVAs, the results show that urban forest experts in these three cities are tuned in to the idea that young-tree mortality rates are high and may be even higher given climate change. Whether this reflects realistic concerns is unclear without more information. Data produced by the monitoring of young-tree survival is vital to further our understanding in this area.
Despite this limitation, it is reasonable to assume that ensuring young-tree survival is still important to reduce urban forest vulnerability to climate change. The adaptive strategies that target this include planting tree whips, planting trees closer together (i.e., densification), improving habitat conditions via soil and watering standards or naturalization, and establishing experimentation plots in urban nurseries (Fig. 3) . Whip planting and densification are not wellestablished in the arboricultural tradition, although some Canadian municipalities refer to their possible use (e.g., City of Kingston 2011). The assumptions are that whips may adapt better as they grow in uncontrolled environments in contrast to caliper trees, and that group plantings may increase the chances of tree survival, although both of these may require more tending. For instance, a big concern is that smaller trees are more affected by vandalism. However, evidence for this assertion is scant, as vandalism can also affect caliper trees. Another concern is that thinning may be required in dense plantings, yet trees growing in dense patches thin naturally, and public acceptance or resistance to tending practices may be the ultimate factor of influence. In general it is difficult to assess the effectiveness of these measures and the resistance of urban forest managers to them without more research and experimentation. Moreover, although improving soil and watering standards is a common practice in urban forest management, naturalization, or increasing the naturalness of the urban forest through connectivity and enhancing natural forest areas, is a more unconventional strategy. Nevertheless, it resonates with the suggestions of some that seed recruitment is encouraged in naturalized areas (Nowak 2012; O'Brien et al. 2012) . Finally, experimentation plots in urban nurseries, or nurseries within urban areas, could help municipalities develop customized solutions to climate adaptation. Needless to say, more research is needed to understand how whips, densification, naturalization, and experimentation plots could increase the resilience of the urban forest given climate change.
The importance of wet/dry-adapted tree and cold-adapted, heat-intolerant tree species, which can be discussed together given the relationship between temperature and moisture, as sensitivities reflects the notion that such species may be mal-adapted in the future (Johnston et al. 2009; Yang 2009 ). An important adaptive strategy in this regard is the favouring of native, endemic, and at-risk trees species, which was mentioned in all three cities (Fig. 3) . This notion is well studied in forest vulnerability to climate change (see Hamrick 2004) , where species with small population sizes are more vulnerable to climate change (e.g., Brandt et al. 2014) . However, it is important to note that such species-specific sensitivities to moisture and temperature changes may also depend on the type of urban habitat (Fahey et al. 2013) . This discussion suggests that that optimizing tree-species selection in urban forests may more informed by a species and habitat representativeness principle than one based on species richness itself. More research is needed to understand how habitat and species representativeness helps increase urban forest resilience in the context of climate change.
Finally, and although these CCVAs elicited mostly biophysical sensitivities, the adaptive strategies indicate that local experts have at least some awareness that urban forest vulnerability to climate change may be addressed beyond its biophysical dimension. The results here suggest at least some of the non-biophysical elements that could be important for assessing this vulnerability. For instance, some cities are concerned with how ownership may limit the municipality attempts to reduce vulnerability, as suggested by the strategies of zoning instruments for urban forest protection and nursery control (Fig. 3) . These evoke concerns related to institutional capacity echoed in some of the literature on institutional capacity for climate adaptation (e.g., Naess et al. 2005) . However, ultimately about half of the trees in these cities are beyond municipal control (Fig. 1) . The strategies of improving communications with the public and enhancing volunteer planting schemes may not enhance resilience in urban forest areas as they do not actually target improving community stewardship. Research demonstrates how community watering may reduce newly planted tree mortality (Mincey and Vogt 2014) . Nevertheless, and as others authors have pointed out, more research is needed to understand how community-based management operates in urban forests (Lawrence et al. 2013 ) and how it can create opportunities for citizens to engage directly with climate change issues.
Limitations and further research
Generally, CCVAs do not provide priorities for management, as these are ultimately informed by the values of the citizenry and/or experts, and do not address the totality of climate policy, since this implies more than reducing vulnerability (Glick et al. 2011) . Besides these main limitations, our CCVAs have inherent limitations that deserve to be discussed. In discussing these limitations, we can identify opportunities to advance future research in this field.
Foremost, this study was grounded in the idea that the management actors of an urban forest community can assess the vulnerability of their urban forest to climate change. This approach was used given the limitations of other approaches, such as the lack of ecological response models. Yet, our own assessment is limited by how tuned in participants are with the conditions of their urban forest. If anything, what these CCVAs provide is a snapshot of the concerns that urban forest management actors have in relation to climate change. Whether these results can be used to develop more sophisticated indicators of urban forest vulnerability is a matter of future research.
Another limitation in this study is that the assessment only encompassed biophysical elements, even though the research framework was not designed to elicit only these. Considering that no prior experience with this CCVA method exists in the urban forest literature, we can only speculate why this was so. Issues with professional bias and lack of participant tune-in with the non-biophysical factors of vulnerability in urban forest management, among other issues, may be contributing factors. We recommend that future urban-forest CCVAs give more direction in terms of other types of vulnerabilities, even if we recognized that biophysical ones still dominate in an urban forest CCVA.
Finally, these CCVAs did not address uncertainty, or the expression of the degree to which a value is unknown because of disagreements of what is known or even knowable, in a systematic way. Although CCVAs cannot reduce systemic uncertainties, such as the absolute magnitude of climate change and ecosystem responses, they can manage this by developing a language for it and considering the degree of confidence in the conclusion of an assessment (Berkes 2007) . We recommend addressing uncertainty in future urban-forest CCVAs by using, for example, the model developed by IPCC (2014) based on the interaction between evidence and agreement.
Final remarks
An important step has been made here to advance research in urban forest vulnerability to climate change based on the opinion of experts in three Canadian urban forests. We have identified the elements of urban forest exposure and sensitivity to climate change, the nature of the expected impact, and the adaptive capacities that exist. We have also assessed which of these elements contributes more to this vulnerability in the urban forests of Halifax, London, and Saskatoon. These include climate change effects that result in more drought, heat stress, wind, and susceptibility to insects and diseases, and the sensitivity of young trees and tree species with specific temperature and moisture requirements to these effects. We have elicited management strategies that can help reduce these vulnerabilities instead of just mitigating climate change impacts, as is the case in most of the literature on urban forests and climate change. An underlying theme in these strategies is the demand for monitoring of action implementation and system response, as well as promoting system-scale experimentation. Hopefully, future urban forest management efforts in these urban forests, and perhaps others, can embrace climate change not just as a threat but as an opportunity to improve urban forest management.
